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ABSTRACT 
There is an ever increasing demand for sustainability around the globe; this is especially true for 
military land management. In an era of fiscal constraint, budgetary reductions, and increasing regulatory 
oversight, the appeal of efficient and effective sustainability practices is greater than ever. As the military 
trains, maneuver land access and mobility are a prerequisite to support the Army’s mission. Hardened 
low-water crossings are one practice that enables soldier mobility on the landscape. If designed, installed, 
and maintained correctly, low water crossings have the potential to sustain troop throughput, retain stream 
bank stability, and preserve stream water quality. Additionally, studies have shown that hardened low 
water crossings not only reduced sedimentation but also have a longer lifespan (Sample, 1998 and 
Malinga, 2007).  
In order to optimize the performance of the hardened crossings and investigate maintenance 
requirements, this study investigated the effect of the crossing orientation relative to the stream. Hardened 
low water crossings were modeled at four different sites within Camp Atterbury Joint Maneuver Training 
Center (CAJMTC), Indiana. Each site was analyzed for three different orientations using HEC-RAS to 
determine low water crossing performance during average flow events.  
This study examined three parameters during average flow events: stream bed shear stress, mass 
capacity, and accumulated mass bed change over a 90-day period. The resulting changes in sediment 
transport were examined and compared to ascertain optimum design orientation and maintenance 
requirements for each site. Overall, a single, relative orientation was not selected as the ideal scenario 
across the four study sites. However, the perpendicular orientation performed the best with respect to the 
least amount of sediment accumulated at the crossing over the study period.  It is recommended that 
future sites at CAJMTC and similar military training lands which are similar to the ones analyzed in the 
study are constructed perpendicular to the stream, when a custom analysis is not plausible.   
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CHAPTER 1 
INTRODUCTION 
Between the years of 2005-2011, at least four concrete-cable low water crossings (LWCs) were 
installed across Camp Atterbury Joint Maneuver Training Center (CAJMTC). Most crossings were 
orientated using the existing trail path. The orientations, with respect to the stream, are now under 
consideration as LWCs have been found as sources of sediment deposition, especially as vehicles traverse 
them. Elevated sediment levels in streams have the potential to provide a plethora of negative ecological 
effects.   
Through the use of high resolution digital elevation model (DEM) data, a synthetic representation 
of the CAJMTC LWCs terrain was generated in ArcGIS10.1™ (from ESRI, CA).  , Once created the 
terrain was used to simulate various LWC orientation designs for each area and analyze their performance 
through the use of HEC-RAS (from USACE, DC). For the purpose of the investigation, three relative 
angles were selected then designed at each site; perpendicular to the stream, 45⁰ upstream of the 
perpendicular orientation, and 45⁰ downstream of the perpendicular orientation. The extreme angles were 
chosen as they were most likely to present any significant differences in sediment transportation within 
the stream reach. Through the various terrain designs, the geometry was used as input for both HEC-RAS 
floodplain mapping and sediment transport analysis. The analyses are important tools for the land 
managers for design decision making and will be used to support the Army mission. Recommendations 
for future LWCs at CAJMTC and other military training sites which contain similar stream properties are 
provided in this study. Suggestions for improved analyses future studies investigating the sedimentation 
occurrence at LWC sites are conveyed as well.  Through the various terrain designs, the geometry was 
able to be used as input for both HEC-RAS floodplain mapping and sediment transport analysis. The 
analyses are important tools for the land managers for design decision making and will be used to support 
the Army mission. Recommendations for future LWCs at CAJMTC and other military training sites 
which contain similar stream properties are provided in this study. Suggestions for improved analyses 
future studies investigating the sedimentation occurrence at LWC sites are conveyed as well. 
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CHAPTER 2 
OBJECTIVE 
The purpose of this study was to provide recommendations of best-management practices (BMPs) 
for the installation of LWCs on military lands, such as CAJMTC. Land managers at these facilities will 
incorporate the results of this study for future cable concrete LWCs construction projects on military 
lands.  In order to reach conclusions, provide recommendations, and achieve the purpose of the study, the 
following objective and subsequent outcomes needed to be met by the study, at each selected site within 
CAJMTC: 
Model and quantify the effect of selected LWC orientation angles for the following outcomes: 
a. Flood plain extent for a 50 year flood scenario 
b. Streambed shear stress  
c. Mass capacity of the stream 
d. Mass bed change accumulation 
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CHAPTER 3 
REVIEW OF LITERATURE 
3.1 Military Lands 
Across the US, the Department of Defense (DOD) manages over 121,406 km2 (30M acres). 
Among the DOD managed land, the US Army maintains approximately 48,562.28 km2 (12M acres), 
which house over 125 major installations. The term “installation” is defined by the DOD as, “Any 
installation owned or operated by the Department of Defense or by a DOD Component such as a base, 
station, post, reservation, camp, depot, fort, terminal, facility, ship, school, and college” (US F, 1994). 
Army lands deliver a vital component in supporting the DOD’s mission; to provide the military forces 
needed to deter war and protect the security of our country (US DOD, 1994). 
The lands provide areas for testing new technologies and training the troops in realistic settings. 
Additionally, the lands offer habitat for native species. Among the installations, at least 63 of them are 
habitats for over 85 known protected species, both of the flora and fauna classification (Boice, 1996). The 
endangered species are safeguarded on military lands by several laws and regulations.  In order to support 
the DOD mission, it is crucial to for land managers to ensure that military lands are fit for training use, as 
well as abide within federal laws and regulations. The following section details applicable environmental 
regulations required for Army infrastructure development (i.e. low water crossings).  New guidelines and 
recommendations advanced in this report should be incorporated into Army land use BMPs as needed to 
comply with these regulations. 
3.2 Environmental Laws Governing Military Training 
       3.2.1 Sikes Act  
The inherent threat associated with the necessary demands of Army training brought on the need 
to regulate the practices. In 1960, the Sikes Act was enabled as means to protect the natural resources 
present on all military lands. The Act stated that the Secretary of Defense shall carry out a program to 
provide for the conservation and rehabilitation of natural resources on military installations (US Congress, 
1960). The program since being first enacted has since taken the form of requiring the DOD to develop 
and implement Integrated Natural Resources Management Plans (INRMPs) for military installations 
across the United States (US FWS, 2013). Current amendments to the Sikes Act specifically required 
INRMPs to be reviewed and assessed on an annual basis. The public’s input was also encouraged during 
an open comment period. Additionally, INRMPs are prepared in cooperation with the Fish and Wildlife 
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Service (FWS) and State fish and wildlife agencies to ensure proper consideration of fish, wildlife, and 
habitat needs (US FWS, 2013). 
INRMPs were designed as planning documents that allowed DOD installations to implement 
landscape-level management of their natural resources while coordinating with various stakeholders (US 
Army, 2009). INRMPs allowed the voluntary cooperation between the DOD installations and FWS, and 
respective state fish and wildlife agencies to work toward a common interest: conserve and protect 
biological resources on federal lands. As military lands and waters were often protected from human 
impact, especially for significant stances of time, they were often home to some of the US’s most 
significant remaining large tracts of land with valuable natural resources (US Army, 2009).  INRMPs 
include recommendations for stream rehabilitation as well as enforce restrictions on military training, 
such as the presence of LWCs to protect the stream-dependent fauna.  
       3.2.2 Endangered Species Act  
Since military lands were often left untouched and safe from developments throughout the 
nation’s history, many endangered flora and fauna were counted among the expanse of land. The DOD 
and the consequently the Army were required to abide by the rules under the Endangered Species Act 
(ESA). Enacted in 1973, the ESA provided a program for the conservation of threatened and endangered 
plants and animals and the habitats in which they were found (US EPA, 2013).Through collaboration with 
the FWS, the Army abided by the ESA and included protection measures within the INRMPs to stay 
within the limits of the law. The Army was required by the ESA to ensure that the actions they authorize, 
fund, or carry out were not likely to jeopardize the continued existence of any listed species or result in 
the destruction or adverse modification of designated critical habitat of such species (US EPA, 2013). At 
CAJMTC there are a number of protected species. Their presence can place restrictions on the placement 
of hardened low water crossings at CAJMTC.  
       3.2.3 Clean Water Act  
The federal government put into effect a basic law protecting the nation’s waters in 1948 called 
the Federal Water Pollution Control Act. However the Act was not significantly reorganized and amended 
until 1972, when it became known as the Clean Water Act. The EPA maintains water quality standards 
for all contaminants in surface water, including wastewater standards for industry (EPA, 2013). The Act 
enforces regulations for controlled discharges in industrial point sources through the National Pollutant 
Discharge Elimination System (NPDES).  
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        3.2.4 National Environmental Policy Act  
Upon the enactment of the National Environmental Policy Act (NEPA) in 1969, Congress 
recognized that nearly all federal activities affect the environment in some way and mandated that before 
federal agencies make decisions, they must consider the effects of their actions on the quality of the 
human environment (US CEQ, 2013). As a federal agency, the DOD formed a tailored regulation abiding 
by NEPA: DODD 6050.1, Environmental Effects in the United States Department of Defense Actions. 
Under the DOD’s policy, subsequent regulations were formed for the Army to follow and collaborate on a 
national basis under NEPA.  
       3.2.5 Army Regulations Addressing Environmental Protection  
Army Regulation (AR) 200-1, Environmental Protection and Enhancement, was revised in 
December 2007. AR 200-1 implements Federal, State, and local environmental laws and DOD policies 
for preserving, reserving, protecting conserving, and restoring the quality of the environment (US Army, 
2007). 
3.3 Environmental Hazards of Sediment 
As outlined below by the US Natural Resources Conservation Service (NRCS) (1995) there were 
two main focuses on the effects of sediment on water resources: water quantity and surface water quality.  
The problems that had been predicted for each by the NRCS were: 
A. Water Quantity -- Resource Consideration 
Identifiable or Predictable Problems 
1. Restricted capacity from sediment deposition in small conveyances (drainage 
ditches, road ditches, culverts, and canals), on-site and off-site. 
2. Restricted capacity from sediment deposition in streams and lakes, on-site and 
off-site. 
       B.  Surface Water Quality -- Resource Consideration 
Identifiable or Predictable Problems 
1. Suspended sediment and turbidity. 
2. Suspended sediment or bed material having adsorbed pesticides and nutrients. 
3. Degradation of aquatic habitat for preferred species. (US NRCS, 1995) 
 
Sand bed streams were characteristic of low gradient, smaller rivers such as the ones found at 
CAJMTC.  There was constant movement of the bed load, which eliminated the larger macro 
invertebrates; however, other invertebrates lived successfully in sand-bed streams (US NRCS, 1995). 
Organic matter and snags in the stream were important breeding grounds for many of these invertebrates, 
which in turn provide food for fish (Minshall, 1984). Additionally, increased sedimentation levels could 
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have affected photosynthesis, impaired habitat and decreased the distribution of fish species (Allen, 
1995).  
Furthermore, once sediment is in the channel it is necessary to know how fast it is moving and 
what its effects are; if the sediment yield was higher than the natural or "background" rates, then action 
should be considered (US NRCS, 1995). Sediments in the water should be reduced to the natural level 
whenever possible to assist in the maintenance of stream balance. At CAJMTC, the current erosion 
control measures are designed to protect water and aquatic habitat quality by minimizing sediment 
loadings to the streams. Indiana bats (Myotis sodalist), an endangered species found at CAJMTC, foraged 
on emergent aquatic insects, therefore degradation of water quality or aquatic habitat could have 
adversely affected the bats’ food supply. 
3.4 Low Water Stream Crossings  
The low water stream crossing (LWSC) term is used describe any crossing used as a means of 
traversing an intermittent or low flowing perennial stream and is expected to be overtopped at least once 
during a year of normal rainfall (Carstens and Woo, 1981). Crossings have been utilized in a variety of 
areas and applications. The LWSCs are commonly found on rural roads, recreational parks, farms, and 
military lands. However, placement of a LWSC should be carefully considered before installment.  For 
example, Davies-Colley examined a herd of 246 dairy cows and found that the presence of cows within 
the stream led to elevated suspended solids, total nitrogen, fecal indicator bacteria (Escherichia coli) 
(2004). The study recommended excluding the cattle from the stream exposure to improve the overall 
quality of the stream water.  
The placement and use of LWSCs are important to water quality, as well as the various types of 
LWSCs that maximize both their use and purpose. LWSCs are commonly divided into three main groups: 
unvented (ford), vented (use of pipe of culvert) and low-water bridges.   For the purpose of this study, a 
low water crossing (LWC) was used in reference to an unvented or simple at-grade ford. The simple at-
grade ford allowed the passage of aquatic wildlife to remain.  Vented crossings were designed to keep the 
vehicles out of the water most of the year as long as the flows are low; the crossings were designed to be 
low and overtop in extreme storms (USACE, 2011).  While not commonly used on military training 
lands, the vented crossings are present on other road networks where traffic volume, vehicle type, and 
personnel safety require them (USACE, 2011).   
Additionally, low-water bridges supported by piers were designated by the United States Forest 
Service (USFS) (2003) as the most ideal LWSC for fish passage. Warren and Pardew (1998) investigated 
the ability of 21 fish species to pass through four LWSCs designs: culvert, slab, vented ford, and ford.  
The study concluded that overall fish movement was an order of magnitude lower through culverts than 
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through other crossings or natural reaches. Furthermore, the vented ford and unvented ford (LWC) 
crossings showed little difference from natural reaches in overall movement of fishes. Low-water bridges 
are usually the most expensive low-water crossing structures; they can maintain the best channel function 
and have the least adverse effect on fish and other aquatic organisms (USFS, 2006). 
LWSCs present attractive alternatives to bridges and culverts in remote areas with low traffic 
patterns.  More often than not, designs are less complicated, construction is quicker, and fewer materials 
are involved (USFS, 2006).  However, there were several potential erosion surfaces identified at stream-
level ford crossings; the road surface itself, table drains (ditches), cutslopes, and fillslopes (Lane, 2002). 
The relative contributions of these surfaces may not be obvious, as there are potentially quite different 
sediment generation and transport characteristics because of materials (topsoil, subsoil, road gravel, 
which may have been compacted) and infiltration capacities (Lane and Sheridan, 2002). 
3.5 Low Water Crossings on Military Lands 
The unvented fords, also known as at-grade crossings, described above are commonly found on 
military training lands. During the course of training exercises, all types of vehicles are used to ford 
ephemeral and perennial streams (Sample et al., 1998). The manner in which the vehicles traversed the 
streams was through the use of the above described LWCs.  
While the initial cost of more complex LWCs, such as cable-concrete LWCs, may have exceeded 
those of simple culvert installations, the lower long-term maintenance and repair costs still make selecting 
a low-water crossing more economical (USFS, 2006). 
As described by the USFS, LWCs should accomplish the following: 
• Enable passage of aquatic organisms 
• Protect endemic species from invasive competitors  
• Provide a grade control in an incised stream system for protection or restoration of upstream 
reaches (USFS, 2006) 
 
The material composition of the LWC should be selected based on the above design Outcomes 
and project budget. The components that commonly comprise a LWC include: core material(s), approach, 
roadway surface, and riprap for protection against stream erosion. The core may consist of earth, sand, 
gravel, riprap, concrete, or a combination of these materials (Iowa DOT, 1983).  Earthen or unimproved 
low water crossings simply present a cost-free means of fording the stream in the most feasible portion of 
the stream.  However, while being economical, the crossings tend to not be environmentally sound. While 
studying the impact of off-road vehicles on stream sedimentation in Australia, Brown (1994) observed 
that most of the sediment produced at low water fords was due to the following processes:  
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• Undercutting of banks as a result of vehicle wave generation 
• Creation of wheel ruts and the concentration of surface runoff after a rainfall event  
• Backwash created by water draining from a vehicle as it emerges after fording the stream 
• Existence of tracks, and hence areas of exposed surfaces 
• Compaction and subsequent reduction in the infiltration rates of soils, which leads to 
increased surface runoff (Brown, 1994). 
As observed in an earlier study by Sample (1998) performed at Fort Riley, Kansas, it was not 
uncommon to find three or four fording sites within 30 meters of each other. The clustering of earthen 
fords occurred as existing LWCs became unusable and replacement ones were created nearby.  The cycle 
of creating and replacing earthen fords was not sustainable and constructed designs were sought as 
alternatives. 
Hardened fords are created with cores of gravel, riprap, concrete, and any of the combinations 
described above as a solution to the unimproved crossings. Initially, aggregate crossings rather than 
concrete crossings were investigated for longevity and sediment reduction. As studies results indicated, 
hardening earthen fords with rock had significantly reduced water quality degradation caused by vehicle 
movement over the ford (Sample et al., 1998). Sample’s recommendation led to the replacement of earth 
LWCs with hardened LWCs.  
Furthermore, Malinga (2007) assessed the impact of low water fords on stream stability at Fort 
Riley, Kansas. The results of the study found that poorly constructed fords may have acted as dams, 
disrupting the transport of sediment along the stream reaches, posing a potential shift in stream 
equilibrium (Malinga, 2007). Additionally, because the vehicles which traversed the LWCs could access 
locations typically unsuited to LWCs, it was also common for the fords to occur in sub-optimal locations 
within the stream system (USACE, 2011). Malinga also noted that during low flow events, backwater 
pools upstream of the ford acted as sinks for sediment, which disrupted transport of sediment to the 
downstream reaches of the stream. Conversely, the study showed that during high flow events, the 
sediment deposited in the backwater pools and stream crossings was flushed downstream, causing spikes 
in turbidity and suspended sediment in the stream (Malinga, 2007).  
Additionally, the USGS (2002) studied the effects of hardened LWCs at Fort Polk, Louisiana 
from October 1998 through November 1999. The four studied LWC sites were hardened with cable 
concrete mats that were 6.4 m (12 ft) in width.  The study concluded that improperly constructed, 
hardened LWCs could have negatively impacted the stream and its environment. The height and grade of 
the hardened low-water crossing restricted flow, thus causing: 
• Increase in velocity across the hardened crossing 
• Increase in depth (about 0.45 m) at the upstream reach 
• Possible increase in dissolution of the carbonate foundation material (USGS, 2002). 
9 
 
With the fieldwork studies outlined above as support, ERDC/CERL Technical Report-06-31 
(USACE, 2006) concluded that field studies of hardened low water crossings had proven that, when 
implemented properly, the crossings maintained  stream water quality, reduced stream habitat 
fragmentation, and decreased maintenance over the unimproved fords. The studies signified the potential 
of hardened low water stream crossings as a BMP for stream protection at military installations to 
improve range sustainability (USACE, 2006).The recommended LWC design and construction procedure 
for use on military installations, where appropriate, was outlined in Technical Report-06-31. The report 
recommended the LWC core to be either articulated concrete or repurposed tank treads with geotextile 
backing. However, the report did not provide recommendations regarding the optimal orientation of the 
crossing with regards to the stream. Little information was available on whether the cable concrete 
modified LWCs orientation could have affected stream habitat and water quality. 
3.6 HEC-RAS  
Originally released to the public in 1995 by the USACE, Hydrologic Engineering Centers River 
Analysis System (HEC-RAS) allows the user to perform one-dimensional river analysis for public use. 
The latest version, HEC-RAS V4.0.1 has expanded to include all of the following features: one-
dimensional steady flow, unsteady flow, sediment transport (mobile bed computations), and water 
temperature modeling (USACE, 2013). While there are other available one-dimensional hydrologic 
models, HEC-RAS is the most widely used, publically available model and has grown in popularity for 
incorporation in hydrologic studies. 
       3.6.1 Dam Investigations 
HEC-RAS has been implemented throughout the US and the globe. HEC-RAS has been used to 
examine the impacts of dam installations on the hydrologic regime of rivers (Maingi and Marsh, 2002). 
The Maingi-Marsh study used HEC-RAS to determine if there was a difference in the inundation of 
downstream vegetation sample plots. The plots represented the flood recession agriculture that had been a 
traditional production system in the region and depended on fertile, flood deposited sediments. HEC-RAS 
analysis determined that any vegetation sample plot at an elevation less than 1.80 m above dry season 
river level has experienced more flooding since the construction of Masinga Dam, while plots above this 
elevation have experienced a reduction in days flooded. 
While the Maingi-Marsh study looked into the impacts of constructing a dam, other studies have 
used HEC-RAS to focus on the impacts of removing a dam. The Barber-Perkins (2000) study sought to 
determine the impact of removing a dam, for the benefits of returning natural fish passage, would be on 
the downstream area as deposited sediment in the reservoir was no longer being restrained.  Through 
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HEC-RAS sediment transport analysis one viable option that minimized both the sediment impact 
downstream and the amount of the upstream dredging that was necessary was determined.  
Furthermore, while installing a man-made dam or deconstructing one was intentional, the failure 
of one was not. The Yochum et al. (2008) study chose to utilize the high water marks left by a recent 
breach of the Big Bay Dam of Mississippi and assess HEC-RAS capabilities of flood wave movement 
predictions. The HEC-RAS unsteady flow analysis was found to have performed well, with relatively 
accurate agreement of predicted high water levels with measured high water marks. 
       3.6.2 Bridge Investigations 
Once more, the failure of a structure due to extreme forces of nature led to HEC-RAS being used 
as a means to bring answers for the devastation sustained by the floods. The Lee et al. (2006) study aimed 
to determine the influence of the 14 bridge blockage that was ensued by the 2001 Nari Typhoon and led 
to significant flood damages in the nearby Keelung City, Taiwan. The floating-pier-debris module and the 
lateral-weir module in the HEC-RAS unsteady-flow routing model were applied to investigate water stage 
variation due to the bridge blockage and overbank flow. Two scenarios were analyzed using HEC-RAS, 
one with the bridge blockages by shipping containers and woody debris and the other without the 
containers and debris.  The comparison of the results showed that in 31 out of the 95 cross sections in the 
study channel reach, the water stage at the upstream side of the bridge rose more than 10 cm due to 
container blockage. The results assisted authorities as a reference to clarify the responsibility of the 
containers’ owners for the loss of lives and property during the 2001 Nari typhoon. 
While many studies did investigate real-world bridges, not all bridges that were tested and 
analyzed in HEC-RAS were life sized. Reports have been generated comparing HEC-RAS results of 
bridge analysis to the results generated from laboratory flume tests. The study aimed to consider three 
different bridge geometries:  a regular bridge with abutments, bridge piers and roadway, a simple bridge 
opening with weir flow in one overbank, and a simple skewed bridge. The agreement between laboratory 
and HEC-RAS modeling was good for all cases except when the Froude number at the downstream 
bridge face cross section exceeded a Froude number of about 0.7, when HEC-RAS did not show the 
effect of the tailwater condition (Parr et al., 2010).  The study served the purpose of validating the use of 
HEC-RAS models as an accepted simulation for what may be expected in situ situations with similar 
bridge geometries.   
       3.6.3 Culvert Investigations  
Another common structure which utilized HEC-RAS in past studies was the culvert. The culverts 
performance has been analyzed in various scenarios and situations. One such scenario investigated the 
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impact of both present and proposed culverts as a means of improved storm water storage and 
management for the Blackberry Creek Watershed near Chicago, Illinois. HEC-RAS was used to compare 
the flood inundation of 12 current culvert infrastructure designs and the proposed, alternative 
development scenario for the 100-year storm event (Johnston et al., 2006). The study found that the 
present culverts were oversized for the tested scenario. Additionally, the proposed scenario was estimated 
to increase local property value, between $100 and $620 per upstream developed hectares due to 
decreased inundation risk.  
Furthermore, culverts have been continually retrofitted and replaced to enhance stream ecology 
and limit environmental concerns, as in the above study. As a means to further enhance culvert design and 
minimize fish migration through structures, HEC-RAS results have been combined with post-processing 
tools to evaluate fish swimming performance through the structure (Vasconcelos et al., 2011).. One study 
aimed to further HEC-RAS output and ultimately allow for improved evaluation of the performance of 
adequate fish crossing conditions for a particular species, over a desired period. While the study provided 
preliminary results from a proposed algorithm for fish passage through culverts with the use of HEC-RAS 
culvert velocity output, additional improvements and validations are necessary to move the tool forward. 
       3.6.4 HEC-RAS Applicability to LWC Studies 
HEC-RAS is an extremely versatile model as illustrated above. Through the versatility and 
reliability of HEC-RAS demonstrated through past hydrologic studies. Studies involving bridges, dams, 
culverts and other civil designs have provided the foundation to use HEC-RAS in more diverse 
applications, such as LWC analyses. The culmination  of HEC-RAS’s ability to perform the desired 
outcomes, achieve the ultimate objective of the study, as well as its reputation for success in a wide 
variety of applications led to the use of the model in this study.   
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 CHAPTER 4  
METHODOLOGY 
4.1 Camp Atterbury  
CAJMTC, also known as Camp Atterbury is located approximately 88.51 km south of 
Indianapolis, Indiana, as shown in Figure 4.1.  This National Guard training base was established in 1942 
as a means of preparing troops for service in World War II (US Navy, 2014). The 135.6 km
2
 training base 
supports a wide variety of training practices including air assault and ground reconnaissance (Svendsen, 
2005). 
 
Figure 4.1 Location of study sites within Indiana 
4.2 Camp Atterbury Specific Habitat Concerns 
Within DOD-managed lands, there are over 300 federally listed endangered species (US FWS 
and US DOD, 2001).  One such species found across several military installations, including CAJMTC, is 
the endangered Indiana bat (Myotis sodalis). Within the CAJMTC INRMP, it listed the preferred habitat 
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of the Indiana bat as caves and small streams with riparian forest (Parsons, 2007). Indiana bats forage on 
emergent aquatic insects, therefore degradation of water quality or aquatic habitat could adversely affect 
the bat’s food supply (Parsons, 2007). The minimization of sediment displacement within streams, ponds, 
and lakes is a priority, in order to protect the Indiana bat and its habitat. The presence of LWCs on 
CAJMTC need to minimize the impact that their presence has on stream ecology, in order to maintain a 
natural and healthy stream system. The Indiana bat relies on healthy streams to provide an environment 
for their food source, insects.  
4.3 Camp Atterbury Soils  
It was for the soils and their dramatic erosion characteristics found within CAJMTC that the 
training camp was selected as the study area. This training camp was selected as the study area because of 
the danger posed to stream habitat corridors, available stream data, number of hardened low water 
crossings and the potential for erosion from nearby training areas within CAJMTC.. The 1990 soil survey 
conducted at CAJMTC divided the soils into two main associations: Pekin-Chetwynd-Bartle and Crosby-
Miami-Rensselaer (USDA, 1990). Both of the soils are classified as poorly drained. Information from the 
survey indicates that much of the precipitation either runs off rapidly and/or infiltrates slowly (USGS, 
2004). The USDA (1990) cited from the survey that slope, flooding, and wetness were the major 
management concerns for CAJMTC.  
4.4 Camp Atterbury Hydrology  
CAJMTC is contained within the East Fork of the White River Basin. The basin drains 
approximately 14,837.68 km
2
 (3,664,000 acres) to the confluence with the West Fork, which drains 
approximately 13,913.42 km
2
 (3,438,080 acres) (Indiana DNR, 2006). Within the CAJMTC portion of the 
watershed there are several sub-watersheds, which generally follow the topography of the terrain, all 
draining towards the east where they join with the Driftwood River. Upon entering the Driftwood River, 
the surface waters continue to flow south and eventually combine with the East Fork of the White River.  
As shown in Figure 4.2, the sub-watersheds that are present within the limits of CAJMTC are: Prince 
Creek-Mud Creek, Nineveh Creek, Lick Creek-Driftwood River, and Catharine Creek-Driftwood River. 
The drainage area of the sub-watersheds for Prince Creek-Mud Creek, Nineveh Creek, Lick Creek-
Driftwood River, and Catharine Creek-Driftwood River are: 60.33, 52.96, 64.03, and 99.86 km
2
, 
respectively. The surface waters with headwaters within CAJMTC are: Lick Creek, Mud Creek, and 
Catharine Creek (USGS, 2004).  
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Figure 4.2 the locations of the LWCs relative to the sub-watersheds within Driftwood River 
Watershed 
4.5 Study Sites at Camp Atterbury 
As part of the study constraints, the site selected for analysis CAJMTC LWC sites were required 
to have been constructed between the years of 2005 and 2011. Furthermore, the LWC had to have been 
constructed with cable concrete materials, as future LWCs construction projects at CAJMTC are 
encouraged to be hardened with durable and effective material. Using this selection criterion, four LWC 
sites were chosen for evaluation and analysis at CAJMTC; the site locations within CAJMTC were 
displayed in Figure 4. 3. A table containing the coordinates of the four study sites is located within 
Appendix A.  Additionally, the streams in which the LWCs traverse were first order perennial or 
ephemeral streams.  
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Figure 4.3 Study site locations within CAJMTC 
       4.5.1 Study Site LWC 1.B 
LWC 1.B the location of LWC 1.B was centered at 39.34N, -86.05W along Princes Lakes Trail. 
The cable crossing was constructed during the summer of 2010. The constructed orientation of the 
crossing was approximately 37⁰ in the downstream direction, relative to the perpendicular orientation for 
the stream. The three alternative orientations that were analyzed, as well as the location of the study site 
location relative to CAJMTC are located within Appendix B. 
Additionally, LWC 1.B traversed Nineveh Creek, which ran southerly as part of the Nineveh sub-
watershed. The soil association for the area that encompassed LWC 1.B was Crosby-Miami-Rensselaer, 
as it was located on the northern portion of the installation. The fine-textured soils present at the site were 
associated with being poorly-drained and prone to erosion.  
Moreover, the average bank width of the stream was found to be 14.02 m. The streambed elevation of 
the stream was approximately 198.12 m above mean sea-level at the LWC with a bank elevation level of 
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213.36 m above sea-level for the length of the study reach. The study reach contained a downstream slope 
of 0.002(V/H). Furthermore, the stream was classified using the Chow (1959) method for determining the 
appropriate Manning’s n value of the reach. The value assigned for Manning’s n at the LWC 1.B study 
reach was 0.048, which was consistent with the normal properties of natural streams containing: winding, 
lower stages, presence of several ineffective slopes, and occurrence of weeds and rocks. Also, the primary 
land use, as classified in the 2001 NLCD data, for the area of interest surrounding the crossing was 
deciduous forest.  
The 50-year return flow rate was determined to be 94.86 m
3 
s
-1
 (3350.0 ft
3 
s
-1
) through the use of 
the USGS STREAMSTAT tool. Additionally, the monthly average flow assigned to the study reach of 
LWC 1.B was based on the collected average at the CAGS10 site of the Svendsen 2005 study. The grab-
sample site, CAGS10, was used in the monitoring of stream flow and stream sediments. CAGS10 was the 
nearest site, was located approximately 1.61 km upstream from the LWC 1.B crossing, and within the 
same sub-watershed.  Likewise, the gradation of the streambed was assigned based on the average sizes of 
particles found in CAJMTC streams by the 2001 USGS study.  
       4.5.2 Study Site LWC 4.A 
The location of LWC 4.A was centered at 39.29N, -85.99W, which was east of training range, 
RG043. The cable crossing was constructed during the summer of 2010. The constructed orientation of 
the crossing was approximately 8⁰  in the downstream direction, relative to the perpendicular orientation 
for the stream. The three alternative orientations that were analyzed, as well as the location of the study 
site location relative to CAJMTC are located within Appendix B. 
Additionally, LWC 4.A traversed Lick Creek, which ran north-easterly as part of the Lick Creek-
Driftwood River sub-watershed. The soil association for the area that encompassed LWC 4.A was Pekin-
Chetwynd-Bartle, as it was located on the south-east portion of the installation. The silty-loam textured 
soils present at the site were associated with being poorly suited for urbanization as well as unsuitable for 
intensive recreational used, and prone to erosion.  
Moreover, the average bank width of the stream was found to be 14.63 m. The streambed 
elevation of the stream is approximately 197.33 m above mean sea-level at the LWC with a bank 
elevation level of 199.34 m above sea-level for the duration of the study reach. The study reach contained 
a downstream slope of 0.0004 (V/H). Furthermore, the stream was classified using the Chow (1959) 
method for determining the appropriate Manning’s n value of the reach. The value assigned for 
Manning’s n at the LWC 4.A study reach was 0.045, which was consistent with the normal properties of 
natural streams containing: winding, lower stages and occurrence of weeds and rocks. Also, the primary 
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land use, as classified in the 2001 NLCD data, for the area of interest surrounding the crossing was 
deciduous forest.  
The 50-year return flow rate was determined to be 44.74 m
3 
s
-1
 (1580.0 ft
3 
s
-1
) through the use of 
the USGS STREAMSTAT tool. Additionally, the monthly average flow assigned to the study reach of 
LWC 4.A was based on the collected average at the CAGS08 site of the Svendsen 2005 study. The grab-
sample site, CAGS08, was used in the monitoring of stream flow and stream sediments. CAGS08 was the 
nearest site, was located approximately 1.21 km upstream from the LWC 4.A crossing, and a part of the 
same reach. Likewise, the gradation of the streambed was assigned based on the average sizes of particles 
found in CAJMTC streams by the 2001 USGS study.  
       4.5.3 Study Site LWC 5.B 
The location of LWC 5.B was centered at 39.33N,-86.02W, which was due east of several 
administration buildings. The cable crossing was constructed during the summer of 2010. The constructed 
orientation of the crossing was approximately 26⁰  in the downstream direction, relative to the 
perpendicular orientation for the stream. The three alternative orientations that were analyzed, as well as 
the location of the study site location relative to CAJMTC are located within Appendix B. 
Additionally, LWC 5.B traversed the unnamed tributary of Nineveh Creek, which ran southerly as 
part of the Nineveh Creek sub-watershed. The soil association for the area that encompassed LWC 5.B 
was Crosby-Miami-Rensselaer, as it was located on the northern portion of the installation. The fine-
textured soils present at the site were associated with being poorly-drained and prone to erosion.  
Moreover, the average bank width of the stream was found to be 10.97 m. The streambed 
elevation of the stream was approximately 204.22 m above mean sea-level at the LWC with a bank 
elevation level of 205.62 m above sea-level for the duration of the study reach. The study reach contained 
a downstream slope of 0.003 (V/H). Furthermore, the stream was classified using the Chow (1959) 
method for determining the appropriate Manning’s n value of the reach. The value assigned for 
Manning’s n at the LWC 5.B study reach was 0.045, which was consistent with the normal properties of 
natural streams containing: winding, lower stages and occurrence of weeds and rocks. Also, the primary 
land use, as classified in the 2001 NLCD data, for the area of interest surrounding the crossing was 
pasture.  
The 50-year return flow rate was determined to be 30.86 m
3 
s
-1 
(1090 ft
3 
s
-1
) through the use of the 
USGS STREAMSTAT tool. Additionally, the monthly average flow assigned to the study reach of LWC 
5.B was based on the collected average at the CAGS05 site of the Svendsen 2005 study. The grab-sample 
site, CAGS05, was used in the monitoring of stream flow and stream sediments. CAGS05 was the nearest 
site, was located approximately 0.40 km downstream from the LWC 4.A crossing, and a part of the same 
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stream reach. Likewise, the gradation of the streambed was assigned based on the average sizes of 
particles found in CAJMTC streams by the 2001 USGS study.  
       4.5.4 Study Site LWC 7.A 
The location of LWC 7.A was centered at 39.24N,-86.05W, which was contained within heavy 
training area, TA 404.  The cable crossing was constructed during the summer of 2006. The constructed 
orientation of the crossing was approximately the same as the perpendicular orientation for the stream. 
The three alternative orientations that were analyzed, as well as the location of the study site location 
relative to CAJMTC are located within Appendix B. 
Additionally, LWC 7.A traversed an unnamed tributary of Catharine Creek, which ran north-easterly 
as part of the Catharine Creek-Driftwood River sub-watershed. The soil association for the area that 
encompassed LWC 7.A was Pekin-Chetwynd-Bartle, as it was located on the south-east portion of the 
installation. The silty-loam textured soils present at the site were associated with being poorly suited for 
urbanization as well as unsuitable for intensive recreational used, and prone to erosion. 
Moreover, the average bank width of the stream was found to be 9.14 m. The streambed elevation 
of the stream was approximately 213.79 m above mean sea-level at the LWC with a bank elevation level 
of 216.41 m above sea-level for the duration of the study reach. The study reach contained a downstream 
slope of 0.018(V/H). Furthermore, the stream was classified using the Chow (1959) method for 
determining the appropriate Manning’s n value of the reach. The value assigned for Manning’s n at the 
LWC 7.A study reach was 0.07, which was consistent with the normal properties of natural streams 
containing: sluggish reaches, weedy, deep pools. Also, the primary land use, as classified in the 2001 
NLCD data, for the area of interest surrounding the crossing was deciduous forest.  
The 50-year return flow rate was determined to be 14.89 m
3 
s
-1
 (526 ft
3 
s
-1
) through the use of the 
USGS STREAMSTAT tool. Additionally, the monthly average flow assigned to the study reach of LWC 
7.A was based on the collected average at the CAGS09 site of the Svendsen 2005 study.  The grab-sample 
site, CAGS09, was used in the monitoring of stream flow and stream sediments. CAGS09 was the nearest 
site, was located approximately 1.21 km upstream from the LWC 7.A crossing on Catharine Creek, and a 
part of the same sub-watershed, with similar stream characteristics. Likewise, the gradation of the 
streambed was assigned based on the average sizes of particles found in CAJMTC streams by the 2001 
USGS study.  
4.6 Datasets 
Multiple datasets were used to build the HEC-RAS models and perform analysis. The 
datasets included the elevation, averaged monthly stream flow, 50-year flood rate, streambed 
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gradation, soil classification and land use data. The different datasets and their sources are provided 
in Table 4.1 below. Additionally, the values used from the Svendsen (2005) study are made available 
in Appendix C and the streambed gradations used from the USGS (2004) study are likewise made 
available in Appendix D. 
Table 4.1 Datasets used in the study 
Datasets Source 
Elevation IndianaMap 
Averaged Monthly Stream Flows Svendsen(2005) Study 
50-Year Flood Rates United States Geological 
Survey(USGS) 
Streambed Gradation United States Geological 
Survey(USGS) 
Land Use National Land Cover Database(NLCD) 
 
As a constraint of the study, the data either had to be collected through a previous study at 
CAJMTC or available publicly online. Data that had been collected nation-wide was the most prevalent. 
The following sections served to illustrate the data collected from various public sources.  
       4.6.1 Elevation Data 
The Indiana Geographic Information Council had publicly available 1.5 m spatial resolution 
elevation data for Bartholomew County for 2005 and 2011.  The State of Indiana commissioned the 2005 
elevation collection for the entire state during the 2005 March and April leaf-off conditions, when there is 
a minimal amount of foliage present. The digital elevation model (DEM) was divided into county tiles 
and was able to generate 0.61 m (2.0 ft) contours. The data was projected into Indiana State Plane 
Coordinate System 1983.  
As part of a three year, state wide program, light detection and ranging (LiDAR) data at 1.5 m 
resolution for the Bartholomew County was collected in 2011. The data used for the study was the county 
mosaic DEM provided in ERDAS IMAGINE format. The data was also projected into Indiana State Plane 
Coordinate System 1983. 
The use of the 2011 LiDAR was a necessary component as LiDAR can reach the streambed more 
reliably than the 2005 aerial collection method. The terrain synthesized from the culmination of the two 
elevation datasets was still capable of reflecting any differences in flood plain inundation or sediment 
transport for each LWC orientation being evaluated. 
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       4.6.2 50-year Flood Rates 
The State of Indiana implemented a nation-wide program that aims to provide users with access 
to an array of water-resources analytical tools. The interface was used to retrieve the 50-year flood data 
for each LWC reach. The 50-year flood rate probability was selected to be the used for the flood 
inundation mapping portion of the research.  The 50-year flood rate was valuable as it was a high-impact, 
rather extreme event. The flow rates generated from STREAMSTATS (USGS, 2014) had an accepted 
error rate of 25% as the streams are ungauged. However, if the streams did not meet the minimum 
drainage area requirement of 0.80 km
2
 (198 acres) or exceeded a stream slope of 257.14 meters per 
kilometer (48.7 feet per mile), the estimates were extrapolations with unknown errors.   
       4.6.3 Land Use 
Publically available land use data was collected from the National Land Cover Database (NLCD) 
for the 2001 data collection year with 30 meter resolution. The 2001 dataset was chosen over the 2006 
dataset, as the land use had changed in areas since 2005.  The various land covers were assigned 
Manning’s n values based on Chow (1959). The Manning’s n roughness coefficients value represents the 
roughness of the surface; the larger magnitude of the coefficient, the more resistance it had to flow. The 
data was projected into Indiana State Plane Coordinate System 1983.Table 4.2 included the values found 
at the various study sites. 
Table 4.2 Relationship between NLCD 2001 Code, land cover, and Manning’s n coefficient values. 
Adapted after Kalyanapu et al. (2009) 
NLCD 2001 Code Landcover Manning’s n 
21 Developed, open space 0.0404 
41 Deciduous forest 0.36 
42 Evergreen forest 0.32 
52 Shrub 0.40 
71 Grassland 0.368 
81 Pasture/Hay 0.325 
82 Cultivated crops 0.35 
 
4.7 Data Processing and HEC-RAS Modeling  
For the purpose of the current study, the HEC-RAS model was used for its steady-flow for flood 
inundation at the 50-year return flow rate. The minimum requirements for the model required the input of 
the study site features, including: geometry properties, steady-flow rate, and a selected flow-regime. For 
21 
 
the analysis presented in this study, the most valued output of the model for the steady-flow analysis was 
the geometry files that were generated and exported for further analysis in ArcGIS™. Using the depth 
raster file imported from HEC-RAS V4.0.1, the extent of the flood plain was determined for further 
analysis. The results of the flood inundation for each scenario studied can be found in the results section 
of this report.  
Furthermore, HEC-RAS was also used to meet the remaining outcomes of the study, using the 
sediment transport analysis feature. The sediment transportation analysis required three main inputs; 
geometry data, quasi-steady flow data, and sediment data. HEC-RAS reported the average shear stress 
found at the streambed of the cross-section, met Outcome B. The HEC-RAS program also calculated the 
average sediment transport rate, also known as mass transport rate for each of the desired months as was 
desired for Outcome C. Additionally, HEC-RAS calculated the monthly accumulation and total 
accumulation of sediment at each designated cross-section, which met the requirements for Outcome D. 
Overall, the culmination of ArcGIS™ and HEC-RAS allowed the necessary analyses to occur. Synopses 
of the processes are provided in the subsequent sections. 
       4.7.1 Creation of Representative Base Terrain 
In order to meet the study objective, the LWC sites needed to be digitally recreated. As the low 
water crossings were built between the years of 2005 and 2011, LiDAR and digital elevation datasets 
DEMs were combined to create a complete land elevation. The process of creating a representative base 
terrain harnessed the streambed elevation data points collected in the 2011 LiDAR survey and merged it 
with the out-of-stream terrain elevation data points. Together, the two datasets created the base terrain in 
ArcGIS 10.1™. It is important to note that both elevation datasets retained a spatial resolution of 1.5 m 
and were publically available.  
       4.7.2 Creation of Alternative Orientation LWCs Scenarios on Representative 
Base Terrain 
While the LWC-free, baseline scenario was usable without alteration of the representative base 
terrain, the three desired alternative LWC orientations and associated elevations needed to be added to the 
terrain. The process used to create any one orientation was applicable to subsequent orientations; the 
process was streamlined for replication.  
The initial step for adding alternative LWC scenarios to the baseline terrain was to determine the 
appropriate predetermined fording angles placement with respect to the stream.  The placement was 
determined from the creation of a stream centerline at the LWC that spanned upstream and downstream 
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reach. Upon finding the perpendicular line to the stream centerline, the other desired orientations were 
then located.   
After creating the three alternative fording angle lines, a single angle was selected for the first 
alternative LWC scenario for addition to the base terrain. The use and alteration of multipoints were vital 
components to the process; multipoints are a set of points, with each point containing information relative 
to its geometric coordinates. New, replacement elevation multipoints were added across the path of the 
LWC scenario, following the specifications recommended in TR-06-31 (2006). The replacement points 
were added to the terrain using the ArcGIS 10.1™. The new terrain was then converted to a triangulated 
irregular network (TIN) for use in HEC-GeoRAS pre-processing.  
       4.7.3 HEC-RAS Preprocessing for 50-Year Flood Extent Analysis  
ArcGIS™ was able to support the pre-processing effort necessary to perform a successful HEC-
RAS analysis through the use of the HEC-GeoRAS Add-on. The Add-on tools allowed the user to not 
only create necessary cross-sections along the geometric terrain, but to assign bank stations and the 
appropriate Manning’s n values as well. Upon completion of the pre-processing, the data files were 
bundled by the Add-on and safely exported for input into a HEC-RAS geometry file.  
The first step toward the preparation of a file for HEC-RAS analysis was the creation of the 
geometry files that the model required in order to successfully run.  A geodatabase needed to be created 
for each LWC orientation terrain. Throughout the pre-processing, the RAS Geometry tool box within the 
HEC-GeoRAS toolbar was used. Within the toolbar, the Create RAS Layers tool was used to generate 
individual files for the following geometry components: stream centerline, bank lines, flow paths, land 
use, and cross-section lines.  The files were automatically generated as feature classes within the 
geodatabase selected for the current LWC.  
The terrain TINs for each simulated LWC scenario were added to the pre-processing layer setup 
as a guide for the digitization process. Digitization of the various components occurred in the following 
order: upstream to downstream then left followed by the right side of stream, with respect to the 
downstream direction. HEC-GeoRAS used the process to determine the relevance to the up and down 
stream perspective. 
The stream centerline was digitized first, using the center of the stream as a guide.  Upon 
digitization of the stream centerline, the reach was named appropriately through the use of the Assign 
River Code and Reach Code tool. Next, the three flow path lines needed were the left, right, and center; 
the side flow paths, left and right, were generated as a result of offsetting parallel lines.  The Assign Line 
Type Attributes tool was then used to assign the location: left, center, right to the respective flow path 
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lines. Upon completion, the bank lines were then digitized using the bank full terrain elevation as 
guidance.  
The next component created was the cross-section feature class. In order to encapsulate the 50-
year flood extents, only two boundary cross-sections were necessary per reach; one upstream and one 
downstream. The cross-sections used for each LWC of interest were set to approximately 1000m wide, 
with respect to the stream, wherever possible. It was considered impractical to extend several boundary 
cross-sections to the above mentioned extent in cases when it would intersect with a present road or a 
nearby stream, causing a divided flow and subsequent HEC-RAS errors. Regardless of the lateral extent 
of the boundary cross-sections, the desired 50-year floods were contained within the terrain extent for all 
study sites.  
Following the principles of Malinga (2007), the present study reach length was between 20-30 
times the average widths of the stream.  Again, the cross-sections needed to be generated from left to 
right, upstream to downstream with respect to the downstream direction. The locations of the crossings 
were at the approximate midpoint of the space between the two cross-sections. 
The Land Cover portion of the digitization required the Manning’s n value to be assigned for land 
use within the study site area, or area of interest (AOI).  The surrounding AOI land cover, derived from 
the 2001 NLCD data was used to determine the appropriate Manning’s n value. The stream above and 
below the crossing was digitized. The streambed Manning’s n value was selected based on the specific 
stream characteristic; the assigned value ranged from 0.045 to 0.07 for the selected reaches.  
The area where the LWC construction would have taken place was assigned Manning’s n values 
based on the recommended materials used, as reported by TR-06-31(USACE, 2006). The approach road 
surface was assigned a Manning’s n value of 0.02, which was selected from Chow (1959).The rip rap was 
assigned a value of 0.038 from Chow (1959) as specified in TR-06-31 (USACE, 2006), and was used in 
the 2.52 m (5.0 ft) buffer zone parallel to the LWC approach. Furthermore, the Manning’s n values were 
constant with the exception of the streambed. The cable concrete portion of the articulated LWC was 
assigned a value of 0.035 for the Manning’s n friction coefficient. Since the cable concrete voids were to 
be filled with rip rap, as specified in TR-06-31 the average Manning’s n for the surface was determined to 
be 0.0365. 
Once digitization was completed, the stream centerline attributes, cross-section cutline attributes, 
the Manning’s n values, and nodes tables were selected for export. The Export RAS Data option was then 
selected to export the data for HEC-RAS analysis.  
The necessary geodatabase and geometry files, as described above, needed to be generated for each 
alternative fording angle. To maintain uniformity of the geometry inputs, select files such as flow paths, 
stream centerline, bank lines, and boundary cross-sections were exported and subsequently imported from 
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one scenario file to the next. This step serves to maintain a uniformity of the aforementioned parameters, 
and saves time on pre-processing.  
       4.7.4 HEC-RAS Processing for 50-Year Flood Extent Analysis  
HEC-RAS had the capability to generate multiple scenario analyses, referred to as plans in HEC-
RAS, from a single project folder. For the purpose of the study, four project files were created within 
HEC-RAS; one for each LWC AOI. The various geometry files exported from HEC-GeoRAS could then 
be imported into the selected project.  In order to perform a steady flow, flood analysis, the following 
input data files need to be completed by the user: geometry data file and steady flow file.  
Upon completion, the geometry files for each simulated terrain were exported from ArcGIS 
10.1™ and imported into HEC-RAS 4.1.0. In order to meet HEC-RAS requirements, the number of 
points across both cross-sections needed to be filtered down to 500. The process was completed using the 
point-filter tool found within the geometry tools menu.  The option: [minimize the area change across the 
cross section lengths] was selected, as the goal was to capture as much unaltered geometry information as 
possible.  
In order to perform a flood simulation, a steady flow needed to be used in the HEC-RAS model. 
The 50-year flood rate gathered from STREAMSTAT (USGS, 2014) was entered into the steady flow 
data file. The other necessary component, the downstream slope, was entered as well. The slope was 
determined using the imported geometry profile of the LWC-free, baseline simulated terrain.  
Furthermore, to generate a steady flow analysis for the flood impact, a scenario was created for 
each LWC site fording angle and its associated geometry file. The scenario combined the geometry input 
with the flood data and processed it together. A subcritical flow regime was selected; which is very 
common in natural and man-made channels.  Direct step computations began at the downstream end of 
the reach, and progressed upstream between adjacent cross-sections (Texas WDB, 2012). Scenario results 
were then used in the HEC-RAS post-processing for analysis. 
       4.7.5 HEC-RAS Post-processing for 50-Year Flood Extent Analysis  
Once the HEC-RAS scenarios had successfully run for all fording angle scenarios at a study site, 
the results were exported into ArcGIS™. The results of the 50-year flood were displayed using HEC-
GeoRAS. The extent of the 0.31 m (1.0 ft) flooded depth over the terrain boundary was desired. The 
depth of 0.31 (1.0 ft) was selected as the limiting depth as it represents substantial flooding depth over the 
AOI. The areal flooded extent at a depth of 0.31 m (1.0 ft) resulting from the 50-year flood was calculated 
using the following process. The result of the process for each site’s alternative fording scenario was a 
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flood inundation map and is included in Appendix D. The following processing steps necessary to obtain 
the 50-year, 0.31 m flood map using ArcGIS™: 
1. Imported the resultant flood depth, grid file into ArcGIS™ from HEC-RAS 
2. Performed a binary raster calculation to identify the area flood a depth of 0.31 m (1.0 ft) or   
greater 
3. Converted resulted binary calculation layer into a shapefile 
4. Summed the flooded area extent in the shapefile’s attribute table 
5. Reported resultant area in results section of the report for each alternative fording angle 
scenario 
       4.7.6 HEC-RAS Preprocessing for Sediment Transport Analysis  
The preprocessing necessary to perform a sediment transport analysis in HEC-RAS uses the same 
HEC-GeoRAS files as the flood inundation analysis.  However, additional cross-sections were necessary 
for the sediment transport analysis to output changes within the stream reach. Six cross-sections were 
added to each reach for the sediment transport analysis. One cross-section was placed upstream of the 
LWC location, at the LWC, and four cross-sections were placed downstream of the LWC. 
Each reach then contained a total of eight cross-sections for HEC-RAS processing. The six 
intermediate cross-sections were placed following the specifications outlined by Brown (1994). Where 
possible, the upstream cross-section was placed 15 m above the LWC location, at the LWC, the 
downstream cross-sections were placed approximately 10, 20, 35, and 65 m downstream of the LWC 
cross-section respectively.  On occasion, the cross-section configuration was not possible. This occurred 
at the extreme, 45⁰  offset fording angle scenarios, when the LWC cross-section would be intersected 
with the upstream and downstream cross-sections in its vicinity.  
In order to avoid the intersection of cross-sections, the upstream and downstream conflicting 
cross-sections were adjusted appropriately, where necessary, to maintain the specifications of one 
intermediate cross-section upstream of the LWC and four intermediate cross-sections downstream of it. 
The cross-sections also maintained the same lateral length across all orientation scenarios for the site of 
interest in order to maintain uniformity for comparisons of results.  
       4.7.7 HEC-RAS Processing for Sediment Transport Analysis  
In order to perform a sediment transport analysis, three input files were necessary: geometry data 
files, quasi-unsteady flow data files, and sediment data files. The geometry data file requirements had 
been met via HEC-GeoRAS preprocessing and simply needed importing into HEC-RAS. An additional 
step was necessary for the extreme orientation case, the 45° offset. Within the geometry cross-section 
editor window of HEC-RAS, the LWC cross-section needed a skew angle assignment in order to adjust 
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the cross-section for perpendicular flow calculations. As the extreme orientations were skewed in either 
direction of the perpendicular orientation, the skew angle assigned was either a positive or negative 45⁰ .   
The remaining required input files needed user inputs to complete. The quasi-unsteady flow data 
required several inputs including: water temperature data, flow series data for the upstream boundary 
cross-section, the input of the friction slope for the downstream boundary cross-section.  With regard to 
the water temperature data, the monthly average for the months of May, June, and July were collected 
from the USGS Gaging Station 03372500, Salt Creek near Harrodsburg, Indiana. The gaging station was 
the nearest, most similar watershed, with long-term data collection of stream temperature. The monthly 
averages used were derived from the available six years of data collected from 2007-2013.  
The upstream boundary condition which used the flow series input was analyzed for the same 90-
day or month period; May, June, and July. The flow data used the monthly averages collected through the 
Svendsen study in 2005. The above months were chosen for the study analysis as they were largest 
grouping of consecutive months in which stream flow was present. The sites were matched with the 
nearest, most similar stream collection site used in the Svendsen (2005) study. Additionally, the monthly 
flow averages were added at 24-hour intervals, in order to avoid unrealistic vertical jumps from month to 
month during the HEC-RAS analysis. The flow data also required user-input of computation increment 
(CI). According to the HEC-RAS v4.1 User’s Manual (2010), a large CI was the most common source of 
model instability. In order to avoid the instability, the CI was set to three hours, which was recommended 
by Strehmel (2011). However, it was necessary to reduce the CI to one hour intervals for the LWC site 
7.A due to the model failing with the use of the three hour CI.  The downstream boundary condition was 
set to normal depth. The normal depth condition required the input of the friction slope. The friction slope 
was assumed to be the same as the streambed slope of the reach for all scenarios and LWC sites. 
The remaining data input, the sediment data, required the user-input of the initial conditions, 
transport parameters, as well as boundary conditions. Each cross-section needed to have a defined bed 
gradation. For the purpose of the study, two bed gradations were used: one for the LWC when cable-
concrete was present, and one for the remaining cross-sections of the stream reach. The bed gradation was 
defined for each by the percent-finer particle sizes that comprise the streambed. For the cable-concrete, 
since it was anchored and solid surface, the bed gradation was set to 0% finer for the 2048 mm diameter. 
The non-concrete cable cross-sections were defined using the particle size analysis (PSA) reported by the 
USGS (2004) at CAJMTC. The data was averaged from the findings at four of the five study sites where 
the PSA data was collected. Subsequently, the bed was defined as 90.26% and 4.22% finer for the 2 mm 
and 0.0625 mm particle diameters respectively.  The bed gradation inputs were used throughout all 
orientation scenarios and study sites.  
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After assigning the appropriate bed gradations to each cross-section, the left and right stations 
needed to be defined for each cross-section.  As recommended by the HEC-RAS v4.1 User’s Manual 
(2010), the bank stations, which were defined in preprocessing, were assigned as the extents for the lateral 
stations. HEC-RAS also required the definition of either a minimum elevation that the streambed can be 
eroded to or the maximum elevation that deposition can reach. The prior was chosen for this study; the 
minimum elevation was set 1.52 m (5.0 ft) below the downstream invert, with the exception of the LWC 
cross-section when cable-concrete was present. When cable-concrete was present, the LWC invert 
elevation was assigned as the minimum elevation, as the structure was unlikely to be degraded 
significantly in a three month, averaged flow segment.  
The transport function, sorting method, and fall velocity methods needed to be determined as part 
of the transport parameters. The Yang method (1973) was chosen as the transport function, as it best met 
the characteristics of the stream reaches.  The full equation used in the Yang method can be found in the 
HEC-RAS manual (USACE, 2010b). The Yang method (1973) shown in equation 1 illustrates that the 
sediment concentration (    ) is a function of three factors.  
Sediment concentration estimation using the Yang method: 
          (      )      (1) 
where 
      estimated sediment concentration (ppm) 
  = shear velocity (m
2
s
-1
) 
 = water velocity (m2s-1) 
   energy slope (V: H) 
 
The HEC-RAS defaults for the sorting method and fall velocity method were used, Exner 5 and 
Ruby, respectively.  Lastly, HEC-RAS required a single boundary condition type to be applied to the 
upstream boundary cross-section. The equilibrium load condition type was selected, as it is only available 
for use at the furthest upstream cross-section. The use of the method allows HEC-RAS to compute 
sediment transport capacity for each time step, and was used as the sediment inflow; no aggradations or 
degradations will be reported for the cross-section as a result.  
Furthermore, to run the model, a scenario containing the desired geometry, quasi-unsteady flow, 
and sediment data was created. In addition to the data files, the simulation time frame for all orientation 
scenarios and study sites was uniform; the simulation ran from 1 May at 01:00 h through 31 July at 24:00 
h. Upon successful computation of the scenario and its components, the results of the analysis were 
analyzed for the 90-day period of 1 May through 30 July. 
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CHAPTER 5 
RESULTS AND DISCUSSION 
5.1 Camp Atterbury Results 
The subsequent sections discuss the results generated for each LWC study site and their 
alternative fording angle scenarios that were tested. Refer to Table 5.1 for a brief summation of the 
alternative fording angles studied at each LWC site at CAJMTC.  
Table 5.1 Summary of alternative fording angles properties 
LWC 
Site 
Construction 
(year) 
Coordinates 
 (Lat., Long.) 
Scenario 
nomenclature 
Alternative 
fording angle 
(⁰ ) 
Angle 
relative to: 
LWC 
1.B 
2010 39.34N, -86.05W    
    LWC-Free, 
baseline 
----------- ----------- 
Perpendicular 90 ----------- 
Extreme #1 45 Upstream 
Extreme #2 45 Downstream 
LWC 
4.A 
2010 39.29N, -85.99W   
    LWC-Free, 
baseline 
----------- ----------- 
Perpendicular 90 ----------- 
Extreme #1 45 Downstream 
Extreme #2 45 Upstream 
LWC 
5.B 
2010 39.33N,-86.02W   
    LWC-Free, 
baseline 
----------- ----------- 
Perpendicular 90 ----------- 
Extreme #1 45 Downstream 
Extreme #2 45 Upstream 
LWC 
7.A 
2006 39.24N,-86.05W   
    LWC-Free, 
baseline 
----------- ----------- 
Perpendicular 90 ----------- 
Extreme #1 45 Downstream 
Extreme #2 45 Upstream 
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       5.1.1 Results of Study Site LWC 1.A 
For the first outcome, parameter input was necessary to perform a steady-state, flood inundation 
analysis for the site. The results of the HEC-RAS model revealed that for the 50-year return flow rate of 
94.86 m
3 
s
-1
 the flood plain extent was minimally affected by the presence of LWCs, regardless of 
orientation. Without a LWC present, the area flooded a depth of 0.304 m (1 ft) or greater totaled 
92,106.45 m
2
 within the model boundary. The presence of a LWC, regardless of orientation varied within 
a 283.28 m
2
 range. The exact values of the flooded area of LWC 1.A are included in Table 5.2 below. All 
found values were found to be acceptable since the flood area does not impede Army structures. 
Table 5.2 Results of the HEC-RAS 50-year flood inundation for LWC 1.B 
Orientation Area 
(m
2
) 
Change (%) 
LWC-Free, baseline 92,106.50 ----------- 
Perpendicular 91,823.17 -0.31 
Extreme 1 92,349.26 0.26 
Extreme 2 92,349.26 0.26 
 
The streambed shear stress output of the HEC-RAS analysis was selected for comparison as part 
of the study. Upon reaching and surpassing 1.3 Pa, the critical shear stress for the largest of the 90% finer 
particles, sized 2 mm in diameter, the particles that comprised the streambed were placed into motion. 
The resultant shear stress levels for each month of analysis, regardless of orientation revealed that the bed 
was in a state of motion, with shear stress levels at the LWC cross-section consistently above the critical 
level, as shown in Figure5.1. A streambed in a constant state of motion indicates that it is susceptible to 
erosion and deposition throughout the reach, in attempt to gain an equilibrium or stable bed. Additional 
stabilizers in the stream may be necessary, if the stream is found to be permanently unstable. However, 
due to the brevity of the analysis, 90 days, long-term on site shear stress monitoring is recommended.   
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Figure 5.1 HEC-RAS results of Stream bed shear stress at LWC 1.B crossing cross-section 
 
Obtained through the completion of the third desired outcome, the output of the HEC-RAS 
sediment transport analysis was the resultant mass capacity of the stream at the LWC cross-section. The 
mass capacity, also referred to as the sediment transport rate, is the amount of solid, sediment particles 
that are transferred through the crossing without risk of deposition or erosion.  The Yang method, which 
was selected for calculating the transport rate at 30-day intervals, was highly dependent on stream power, 
the product of stream velocity and shear stress (USACE, 2010b). 
The LWC-free, baseline scenario provided the consistently highest mass transport rates 
throughout the 90-day study period, while both extreme 1 and extreme 2 orientations contended with 
having the lowest rates. The main factor differentiating the LWC-free, baseline scenario and the extreme 
scenarios, with respect to the mass capacity rate, were the difference in stream bed widths. The streambed 
width of the LWC-free, baseline scenario was approximately 9 m, whereas the extremes were 
approximately 12 m in width due to the construction. Additionally, the extreme scenario cross-sections 
were skewed in HEC-RAS, as previously described in the methodology, to meet the perpendicular-to-
flow requirement. As shown in Figure 5.2, the skewed orientations resulted in lower mass capacity rates 
for both extreme scenarios.  Likewise, the skew-free scenarios: the LWC-free, baseline scenario and the 
perpendicular orientation scenario, both resulted with the lowest mass capacity rates for LWC 1.B overall.   
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Figure 5.2 HEC-RAS results of mass capacity of LWC 1.B reach at crossing cross-section  
The final and fourth outcome was essential to the determination of the differences that may incur 
from not only the presence of a cable-concrete LWC, but the orientation of the LWC as well. The model 
result for the accumulative stream bed change provided insight into the amount of maintenance that can 
be expected from any one LWC scenario, in order to keep the stream flowing naturally. The scenario that 
provided the least deposition for the LWC cross-section at the conclusion of the 90-day simulation was 
the perpendicular scenario. The result was to be expected as the presence of the LWC armored the bed, 
but also maintained a direct route through the stream and is observed in Figure 5.3. The application of a 
perpendicular, cable-concrete LWC at site 1.B would provide the least required maintenance out of the 
other two LWC-present scenarios. 
With regard to the large sedimentation accumulated for the LWC-free, baseline scenario, the 
streambed at the LWC-free, baseline cross section of interest was assigned the Manning’s n value of the 
stream, 0.048. Contrarily, the LWC-present scenarios were assigned a roughness coefficient of 0.0365. 
The LWC-free scenario also differed from the others with respect to the stream bed gradation at the cross-
section of interest; the bed gradation assigned was consistent with the rest of the reach cross-section 
gradation, whereas the LWC-present scenarios were modeled to be solid masses at the cross-section.  The 
culmination of the two factors led to the increase of frictional forces, the subsequent lowering of velocity, 
and the modeled fall of particles at the cross-section of interest. Additionally, the extreme peak of the 
LWC-free scenario may be a reflection of the modeled stream attempting to reach a state of equilibrium. 
As a result of the merging of the DEM data, the stream bank edges are rough and not at a state of 
equilibrium as they would be in the natural world.  
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Figure 5.3 HEC-RAS results of mass bed change of LWC 1.B reach at crossing cross-section  
       5.1.2 Results of Study Site LWC 4.A 
For the first outcome, parameters input were necessary to perform a steady-state, flood inundation 
analysis for the site. The results of the HEC-RAS model revealed that for the 50-year return flow rate of 
44.74m
3 
s
-1
, the flood plain extent was minimally affected by the presence of LWCs, regardless of 
orientation. Without a LWC present, the area flooded a depth of 0.304 m (1 ft) or greater totaled 
91,620.80 m
2
 within the model boundary. The presence of a LWC, regardless of orientation varied within 
a 445.15 m
2
 range.  The exact values of the flooded area of LWC 4.A was included in Table 5.3 below. 
All found values were found to be acceptable since the flood area does not impede Army structures. 
Table 5.3 Results of the HEC-RAS 50-year flood inundation for LWC 4.A 
Orientation Area(m
2
) Change 
(%) 
LWC-free, 
baseline 
107,808.26 -------------- 
Perpendicular 107,848.72 0.04 
Extreme 1 107,848.72 0.04 
Extreme 2 107,363.10 -0.41 
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The streambed shear stress output of the HEC-RAS analysis was selected for comparison as part of 
the study. Upon reaching and surpassing 1.3 Pa, the critical shear stress for the largest of the 90% finer 
particles, sized 2 mm in diameter, the particles that comprised the streambed were placed into motion. 
The resultant shear stress levels for each month of analysis, regardless of orientation revealed that the bed 
was in a state of motion, with one exception; the LWC-free, baseline scenario during the month of July 
analysis as shown in Figure 5.4. The lower stream bed shear stress found in the LWC-free, baseline 
scenario indicates that the stream requires less sediment transport than the LWC-present scenarios to 
maintain equilibrium, which indicates that it is closer to a more natural state of equilibrium than the other 
scenarios.  Additionally, the LWC-free, baseline model shear stress output was consistent with later 
results, which revealed that erosion occurred at the cross-section rather than deposition at the conclusion 
of the 90-day study period.  
 
Figure 5.4 HEC-RAS results of Stream bed shear stress at LWC 4.A crossing cross-section 
Additional indicative output of the HEC-RAS sediment transport analysis was the resultant mass 
capacity of the stream at the LWC cross-section. The various scenarios provided consistently the smallest 
mass transport rates out of the four LWC study sites. Through comparison among the LWC site 4.A 
scenarios, the stream was at equilibrium when transporting the lower mass capacities. Throughout the 90-
day study period, while both extreme 1 and extreme 2 orientations contended with having the lowest 
rates, while the LWC-free, baseline and perpendicular scenarios were more similar to each other with 
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higher rates, which was observed in Figure 5.5. The main factor differentiating the two classifications of 
the observed mass capacity rates were the difference in cross-section orientation within HEC-RAS. The 
extreme scenario cross-sections were skewed in HEC-RAS to meet the perpendicular to flow requirement.  
The skew resulted in lower mass capacity rates for both extreme scenarios.  Evidence that further 
supported the above claim was that the perpendicular orientation was not skewed and the mass capacity 
rate was overall higher than the extreme LWC scenarios modeled. Furthermore, the perpendicular 
scenario had the largest mass capacity recorded, which occurred during the month of July. The 
explanation for the spike in the mass capacity rate for the perpendicular scenario is that HEC-RAS was 
attempting to maintain equilibrium for the stream as a result of the decreased flow rate which occurred in 
July.  
 
Figure 5.5 HEC-RAS results of mass capacity of LWC 4.A reach at crossing cross-section  
The final and fourth outcome was essential to the determination of the differences that may incur 
from not only the presence of a cable-concrete LWC, but the orientation of the LWC as well. The model 
result for the accumulative stream bed change provided insight into the amount of maintenance that could 
have been expected from any one LWC scenario, in order to keep the stream flowing naturally. The 
scenario that provided the least deposition for the LWC cross-section at the conclusion of the 90-day 
simulation was the perpendicular scenario as shown in Figure 5.6. The result was to be expected as the 
presence of the LWC armored the bed, but also maintained a direct route through the stream. The 
application of a perpendicular, cable-concrete LWC at site 4.A would have provided the least required 
maintenance out of the other two LWC-present scenarios. However, they would not be unreasonable to 
consider for application at the site due to their low sedimentation over the study period.  
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Furthermore, as consistent throughout the study, the LWC-free, baseline scenario differed from 
the other scenarios with respect to the stream bed gradation at the cross-section of interest; the bed 
gradation assigned was consistent with the rest of the reach cross-section gradation, whereas the LWC-
present scenarios were modeled to be solid masses at the cross-section. The gradation of the LWC-free, 
baseline cross-section allowed erosion to occur, where it was not possible for the armored surfaces of the 
LWC scenarios to become eroded over the study period. 
 
Figure 5.6 HEC-RAS results of mass bed change of LWC 4.A reach at crossing cross-section  
       5.1.3 Results of Study Site LWC 5.B  
For the first outcome, parameters input were necessary to perform a steady-state, flood inundation 
analysis for the site. The results of the HEC-RAS model revealed that for the 50-year return flow rate of 
30.86m
3 
s
-1
, the flood plain extent was minimally affected by the presence of LWCs, regardless of 
orientation. Without a LWC present, the area flooded a depth of 0.304 m (1 ft) or greater totaled 
50,666.64 m
2
 within the model boundary. The presence of a LWC, regardless of orientation varied within 
a 40.47 m
2
 range.  The exact values of the flooded area of LWC 5.B was included in Table 5.4 below. All 
found values were found to be acceptable since the flood area does not impede Army structures. 
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Table 5.4 Results of the HEC-RAS 50-year flood inundation for LWC 5.B 
Orientation Area (m
2
) Change 
(%) 
LWC-free, baseline 50,666.64 -------------- 
Perpendicular 50,666.64 0.00 
Extreme 1 50,707.11 0.08 
Extreme 2 50,666.64 0.00 
 
The streambed shear stress output of the HEC-RAS analysis was selected for comparison as part 
of the study. Upon reaching and surpassing 1.3 Pa, the critical shear stress for the largest of the 90% finer 
particles, sized 2 mm in diameter, the particles that comprised the streambed were placed into motion. 
The resultant shear stress levels for each month of analysis, was divided by scenarios that had a moveable 
streambed and those that had a less than critical shear stress throughout the study period. As shown in 
Figure 5.7, both the LWC-free, baseline and extreme 1 scenario had subcritical stream bed shear stress at 
the LWC cross-section, while the perpendicular and extreme 2 scenarios were well above the critical limit 
of 1.3 Pa. 
 
Figure 5.7 HEC-RAS results of Stream bed shear stress at LWC 5.B crossing cross-section 
Another useful output of the HEC-RAS sediment transport analysis was the resultant mass 
capacity of the stream at the LWC cross-section. A wide variety of resultant mass capacities were seen 
from the scenarios analyzed in LWC 5.B; the range spanned two orders of magnitude which was observed 
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in Figure 5.8. The perpendicular orientation consistently had the largest mass capacity for the three 
months that were analyzed. Contrarily, the extreme 1 scenario had the lowest mass capacity.  The extreme 
differences in the ability of each study scenario to transport sediment in equilibrium were potentially be 
explained by the model’s sensitivity to shear velocity, as common when the Yang method is implemented 
(USACE, 2010a). While the range expanse can only be explained by the model’s sensitivity; the scenarios 
are consistent among one another for having the peak mass capacity occur at the LWC cross-section 
within the study reach.  
 
Figure 5.8 HEC-RAS results of mass capacity of LWC 5.B reach at crossing cross-section 
The final and fourth outcome was essential to the determination of the differences that may incur 
from not only the presence of a cable-concrete LWC, but the orientation of the LWC as well. The model 
result for the accumulative stream bed change provided insight into the amount of maintenance that could 
have been expected from any one LWC scenario, in order to keep the stream flowing naturally. The 
scenario that provided the least deposition for the LWC cross-section at the conclusion of the 90-day 
simulation was the Extreme 1 scenario, which was able to remain in equilibrium and refrain from both 
erosion and deposition. As observed in Figure 5.9, the model result suggested that the application of a 
cable-concrete LWC at site 5.B at the extreme 2 scenario, one that is skewed 45° from perpendicular with 
respect to the downstream direction, would provide the least required maintenance out of the other two 
LWC-present scenarios. Furthermore, while the extreme 2 scenario was best suited for the site, the 
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extreme 1 scenario was least suitable for application at site 5.B within Camp Atterbury. The results from 
extreme 1 reflected that the orientation actively added sediment throughout the 90-day study period.  
Additionally, as consistent throughout the study, the LWC-free, baseline scenario differed from 
the other scenarios with respect to the stream bed gradation at the cross-section of interest; the bed 
gradation assigned was consistent with the rest of the reach cross-section gradation, whereas the LWC-
present scenarios were modeled to be solid masses at the cross-section. The gradation of the LWC-free, 
baseline cross-section allowed for deposition to occur but also was able to reduce the sedimentation that 
occurred at the cross-section in comparison to the perpendicular and extreme 1 scenario.  
 
 
Figure 5.9 HEC-RAS results of mass bed change of LWC 5.B reach at crossing cross-section 
       5.1.4 Results of Study Site LWC 7.A 
For the first outcome, parameters input were necessary to perform a steady-state, flood inundation 
analysis for the site. The results of the HEC-RAS model revealed that for the 50-year return flow rate of 
14.89 m
3 
s
-1
, the flood plain extent was minimally affected by the presence of LWCs, regardless of 
orientation. Without a LWC present, the area flooded a depth of 0.304 m (1 ft) or greater totaled 1,841.32 
m
2
 within the model boundary. The presence of a LWC, regardless of orientation varied within a 315.65 
m
2
 range.  The exact values of the flooded area of LWC 7.A was included in Table 5.5 below. All found 
values were found to be acceptable since the flood area does not impede Army structures. 
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Table 5.5 Results of the HEC-RAS 50-year flood inundation for LWC 7.A 
Orientation Area(m
2
) Change (%) 
LWC-free, baseline 1,841.32 -------------- 
Perpendicular 2,084.13 13.19 
Extreme 1 2,116.51 14.95 
Extreme 2 2,156.97 17.14 
 
The streambed shear stress output of the HEC-RAS analysis was selected for comparison as part 
of the study. Upon reaching and surpassing 1.3 Pa, the critical shear stress for the largest of the 90% finer 
particles, sized 2 mm in diameter, the particles that comprised the streambed were placed into motion. 
The resultant shear stress levels for each month of analysis were not able to exceed the critical shear limit 
due to the lower flow rates used as the model input.  As observed in Figure 5.10, the only scenario to 
consistently exceed the limit was the extreme 2 orientation.  
 
Figure 5.10 HEC-RAS results of Stream bed shear stress at LWC 7.A crossing cross-section 
Another beneficial output of the HEC-RAS sediment transport analysis was the resultant mass 
capacity of the stream at the LWC cross-section.  Similar to the result of LWC 4.A, the mass capacity 
required to maintain equilibrium with regards to sedimentation and erosion within the study reach was 
relatively smaller than the other study sites. However there was not a consistent trend among the four 
scenarios on increase or decrease in transportation rate from month to month, as shown in Figure 5.11. 
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Although it is important to note that the overall lowest sediment transport rate occurred within the 
extreme 2 scenario while the largest sediment transport rate was consistent with the LWC-free, baseline 
scenario.  
 
Figure 5.11 HEC-RAS results of mass capacity of LWC 7.A reach at crossing cross-section  
The final and fourth outcome was essential to the determination of the differences that may incur 
from not only the presence of a cable-concrete LWC, but the orientation of the LWC as well. The model 
result for the accumulative stream bed change provided insight into the amount of maintenance that can 
be expected from any one LWC scenario, in order to keep the stream flowing naturally. As observed in 
Figure 5.12, the scenario that provided the least deposition for the LWC cross-section at the conclusion of 
the 90-day simulation was the extreme 1 scenario skewed 45⁰  toward the upstream direction. The 
application of the above described orientation, installed as a cable-concrete LWC at site LWC 7.A would 
provide the least required maintenance out of the other two LWC-present scenarios. The result of the 
perpendicular scenario to have the largest deposition over the study period was unexpected as the 
presence of the LWC armored the bed, but also maintained a direct route through the stream. 
Additionally, it was noted that the mass bed changes were decreasing as time progressed within 
the model for all scenarios. The significance of the decrease in change of sedimentation over the 90-day 
analysis indicates that the scenarios were reaching equilibrium within the streambed. However, 
maintenance would be required to remove the deposited sediment as tanks traversing the crossing at 
Camp Atterbury have the potential to disturb the deposits and send them further downstream and pollute 
the stream with suspended sediments.  
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Figure 5.12 HEC-RAS results of mass bed change of LWC 7.A reach at crossing cross-section 
5.2 Parameter Sensitivity 
In order to determine which model inputs were sensitive within the HEC-RAS model an absolute 
parameter sensitivity analysis was performed. The analysis investigated the impacts of the Manning’s n, 
water temperature, and the addition of an upstream cross-section on the LWC 1.B perpendicular model. 
Reasons for selecting the three model inputs listed above included: the unknown impact the each input 
would have on model results and each input value was estimated for use in the study. The singular 
investigation of a LWC site and scenario were chosen due to the nature of the model and it being 
uniformly sensitive to specific input adjustments.   
       5.2.1 Temperature Sensitivity  
The increase and decrease of stream water temperature by 2.78⁰ C (5⁰ F) was performed in order 
to test the model sensitivity to hotter and colder summers, reflected in the water temperature fluctuation. 
As shown in Figure 5.13, the resulting outputs were negligibly small changes within the sediment 
transport analysis. The water temperature parameter was also negligibly sensitive with regards to the 
stream bed shear stress levels simulated as well as the mass transport rate at the LWC cross-section.  
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Figure 5.13 LWC 1.B Water temperature sensitivity of HEC-RAS results for mass bed change reach 
at crossing cross-section 
       5.2.2 Manning’s n Sensitivity  
 However, the change in the Manning’s n value by 5% for the portions of the stream which were 
not a part of the crossing, were found to be sensitive parameters. Through the change of the Manning’s n 
for the above and below the LWC cross-section, it resulted in uniformly higher and lower values for the 
three parameters studied: stream bed shear stress, mass capacity, and mass bed change accumulation. The 
resulting mass change found through the simulated 90-day period was found to be 3.35 Mg when the 
Manning’s n of the stream was increased 5% to a value of 0.0538. Contrarily, the assumed Manning’s n 
value of 0.04, which was used for all scenarios of LWC 1.B resulted in a larger 4.92 Mg deposited at the 
LWC. Furthermore, the increase in the Manning’s n resulted in an elevated shear stress, lower mass 
capacity, and smaller mass bed change accumulated. Expectedly, the lower Manning’s n had the opposite 
impact on the parameters. The resulted mass change found through the simulated 90-day period was 
found to be 7.31 Mg when the Manning’s n of the stream was increased 5% to a value of 0.0432 as shown 
in Figure 5.14.  
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Figure 5.14 LWC 1.B Manning’s n sensitivity of HEC-RAS results for mass bed change at LWC 
cross-section 
 
       5.2.3 Cross-section Addition Sensitivity  
The final parameter which resulted in a change during the sensitivity testing was the addition of 
cross-section 85 m upstream from the LWC cross-section. As shown in Figure 5.15, the addition of the 
cross-section increased the amount of sediment that was reportedly added to the LWC cross-section when 
the perpendicular orientation was used for LWC 1.B during HEC-RAS analysis.  The standardized, 
perpendicular scenario for LWC 1.B had added 4.92 Mg over the 90 day period to the stream bed at the 
LWC, while 5.93 Mg were deposited with the same scenario, the only difference being  an additional 
upstream cross-section present in HEC-RAS.  
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Figure 5.15 LWC 1.B sensitivity of HEC-RAS results for mass bed change at LWC cross-section 
       5.2.4 HEC-RAS Sensitivity Recommendation 
Through the absolute sensitivity analysis performed for the study, the secondary sensitive 
parameters were able to be identified; the primary sensitive parameter being the orientation of the LWCs 
that were under investigation. The sensitivity analysis showed that having a cooler or hotter summer, 
reflected in the water temperature used in the HEC-RAS analysis was negligibly sensitive, as no changes 
were found. Additionally, the Manning’s n value was found to inflict a change within the model results, 
as described in the previous sections. The knowledge gained from the model’s sensitivity to the parameter 
should be accounted for in future studies, as the parameter values clearly had an impact on the results. 
Extra care should be taken into the determination of the Manning’s n value for streams in future studies 
involving HEC-RAS analysis. Furthermore, the analysis gained insight to the resultant changes that were 
possible by the addition of a single, upstream cross-section. As the additional cross-section was the source 
for resultant changes, future studies should be made aware of the HEC-RAS model’s sensitivity to cross-
section presence within the model.   
5.3 Discussion  
At each of the four LWC sites located at CAJMTC, it was determined that there is not a single 
consistent, best or ideal orientation for LWCs when sedimentation deposition was taken into 
consideration. Each stream inherently had its own characteristics, geometry, roughness, and flow rate. 
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The culmination of these differences led to each LWC site to have a best orientation out of the three 
possibilities explored. This illustrates the benefit of using a HEC-RAS analysis for every LWC fording 
development as a wide variety of scenarios can be explored and analyzed.   
Furthermore, while there was not a consistent best performing alternative orientation at the four 
sites, two study sites, LWC 1.B and LWC 4.A,  resulted with the perpendicular orientation being the 
lowest accumulative mass bed change tested..  It is because of reoccurrence that the perpendicular route 
be the recommended orientation of future LWCs at CAJMTC and other training grounds with similar 
stream characteristics. The perpendicular orientation provides the shortest linear path across the stream, 
which generates the least amount of disturbance from a traversing vehicle. Additionally, the sediment 
accumulated over the 90-day period was less than the other, alternative routes tested. The stream should 
be expected to regain equilibrium faster once construction of the LWC is completed. This was shown 
repeatedly by the leveling-out of the sediment accumulation for the perpendicular orientation at the 
various sites, met in    
Furthermore, as a result of the study, the impact of flow rate change on the sediment transport 
throughout the various study sites was able to be observed. As the larger flows decreased over the study 
period, such as at LWC 1.B, the shear stress that was present at the streambed decreased for each 
alternative orientation scenario as well as the baseline scenario. The relationship between flow rate and 
streambed shear stress was not as prevalent or observable in other sites and scenarios as the monthly 
changes weren’t as great. As a reflection of the streambed shear stress and the particles that the force 
moved, the mass capacity also changed each month in order to maintain equilibrium and not have any 
deposition or scour occur at the crossing site. While the necessary rates varied, the fluctuation in the mass 
transport rates needed to maintain and establish equilibrium was observable for each study site and 
subsequent scenario.
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CHAPTER 6 
CONCLUSION 
The steps to create the outcomes found in this study, through the culmination of data acquisition, 
ArcGIS™, and HEC-RAS serve as guidelines for future work.  Additionally, it is important to note that 
while three alternative fording angle scenarios was chosen for each study site, there are significantly more 
orientations that were left unexplored. The study results indicate that further studies investigate the 
creation of a continuous model, which would have the ability to provide insight into the best-performing, 
fording orientations while not being limited to three angles as the present study was. 
Likewise, there was supplementary value in performing the study.  The study was able to show 
that the orientation of the LWC does in fact have an impact on three important factors in the 
sedimentation cycle: stream bed shear stress, mass capacity, and mass bed change. There is a need to 
further investigate the correlation between continuous angles and their effect on the sedimentation cycle.   
6.1 Recommendations for Future Studies  
There is much to be obtained from the study performed for CAJMTC and the selected LWCs 
within its bounds. In order to apply the methodology to other military installations across the US, several 
aspects of the study are in need of alteration. CAJMTC had been the focus of several case studies in 
which data was readily available and applicable to the current study, however data may not be as easily 
obtained remotely at other locations. In order to improve upon the HEC-RAS analyses that were done in 
the current study, the following should be performed and collected before the construction on cable 
concrete LWCs at the site of interest:  
 On-site collection of bathymetric data to improve the streambed elevation resolution 
 Continuous monitoring of the stream velocity 
 On-site collection of streambed gradation at each proposed cross-section location 
 Higher resolution elevation data (greater than 1.5 m spatial resolution) for the desired study 
area 
Additional data collection at the sites of interest would have improved the HEC-RAS model, 
especially if site-specific calibration was possible. A benefit of site-specific calibration for the model 
would be that the appropriate Manning’s n value for the stream could be better assigned, as it was a 
sensitive input for HEC-RAS.  The addition of the above mention data would improve the reliability of 
the results from HEC-RAS and further increase the understanding of the effects of orientation on 
streambed sedimentation at LWC sites.  
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APPENDIX A 
A.1 Coordinate of study site locations at CAJMTC 
 
Table A.1 Coordinates of the four study sites at CAJMTC 
LWC Site Latitude(˚N) Longitude(˚W) 
Military Grid Reference System 
(MGRS) 
LWC 1.B  
Coordinates 39.34 -86.05 16SEJ8186754938 
LWC 4.A  
Coordinates 39.29 -85.99 16SEJ8710049445 
LWC 5.B  
Coordinates 39.33 -86.02 16SEJ8446553855 
LWC 7.A  
Coordinates 39.24 -86.05 16SEJ8198443840 
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APPENDIX B 
B.1 Location Maps of the LWC Study Sites  
 
Figure B.1 the location, elevation, and alternative crossing routes of LWC 1.B 
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Figure B.2 the location, elevation, and alternative crossing routes of LWC 4.A 
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Figure B.3 the location, elevation, and alternative crossing routes of LWC 5.B 
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Figure B.4 the location, elevation, and alternative crossing routes of LWC 7.A 
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APPENDIX C 
C.1 Monthly averages used in study 
  
Table C.1 monthly averages collected through the Svendsen (2005) study and  
USGS Gaging Station 03372500 
LWC Site 
Svendsen 
Site 
Steam Flow 
(m³s¯¹ ) 
Ave.Water Temp.(˚C) 
USGS Gage 03372500 
Hours in 
Month 
LWC 1.B CAGS10       
Date 
collected: 
May-2004 0.1211 17.2 744 
June-2004 0.0617 19.3 720 
July-2004 0.0515 22.4 744 
LWC 4.A CAGS08       
Date 
collected: 
May-2004 0.0149 17.2 744 
June-2004 0.0023 19.3 720 
July-2004 0.0003 22.4 744 
LWC 5.B CAGS05       
Date 
collected: 
May-2004 0.0176 17.2 744 
June-2004 0.0172 19.3 720 
July-2004 0.0094 22.4 744 
LWC 7.A CAGS09       
Date 
collected: 
May-2004 0.0002 17.2 744 
June-2004 0.0005 19.3 720 
July-2004 0.0001 22.4 744 
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APPENDIX D 
D. 1 USGS (2004) streambed gradation sampled at CAJMTC 
 
Table D.1 the percent-fine grain size distribution used in HEC-RAS in LWC-free, baseline scenarios 
and cross-sections where a LWC was not present 
Class Diameter (mm) 
% 
Finer 
Very Coarse Sand 
(VGS) 2 90.26 
Coarse  0.063 4.22 
 
 
Figure D.1 grain size distribution graph used for HEC-RAS streambed gradation assignment in LWC-
free, baseline scenarios and cross-sections where a LWC was not present 
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Table D.2 the percent-fine grain size distribution used in HEC-RAS in LWC cross-sections that were 
hardened with cable-concrete 
Class Diameter (mm) 
% 
Finer 
Large Boulder (LB) 2048 0 
 
 
Figure D.2 grain size distribution graph used for HEC-RAS streambed gradation assignment in LWC 
cross-sections that were hardened with cable-concrete 
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APPENDIX E 
E. 1 50-year Flood Inundation Maps 
 
Figure E.1 LWC-free baseline terrain, 50-year flood inundation map 
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Figure E.2 Perpendicular orientation terrain, 50-year flood inundation map 
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Figure E.3 Extreme #1 orientation terrain, 50-year flood inundation map 
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Figure E.4 Extreme #2 orientation terrain, 50-year flood inundation map 
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Figure E.5 LWC-free baseline terrain, 50-year flood inundation map  
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Figure E.6 Perpendicular orientation terrain, 50-year flood inundation map 
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Figure E.7 Extreme #1 orientation terrain, 50-year flood inundation map 
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Figure E.8 Extreme #2 orientation terrain, 50-year flood inundation map 
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Figure E.9 LWC-free baseline terrain, 50-year flood inundation map 
  
68 
 
 
Figure E.10 Perpendicular orientation terrain, 50-year flood inundation map 
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Figure E.11 Extreme #1 orientation terrain, 50-year flood inundation map 
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Figure E.12 Extreme #2 orientation terrain, 50-year flood inundation map  
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Figure E.13 LWC-free baseline terrain, 50-year flood inundation map 
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Figure E.14 Perpendicular orientation terrain, 50-year flood inundation map 
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Figure E.15 Extreme #1 orientation terrain, 50-year flood inundation map 
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Figure E.16 Extreme #2 orientation terrain, 50-year flood inundation map 
 
 
